Rapamycin is an important macrocyclic polyketide produced by Streptomyces hygroscopicus and showing immunosuppressive, antifungal, and antitumor activities as well as displaying anti-inflammatory and neuroregenerative properties. The immense pharmacological potential of rapamycin has led to the production of an array of analogues, including through genetic engineering of the rapamycin biosynthetic gene cluster. This cluster contains several putative regulatory genes. Based on DNA sequence analysis, the products of genes rapH and rapG showed high similarities with two different families of transcriptional activators, LAL and AraC, respectively. Overexpression of either gene resulted in a substantial increase in rapamycin biosynthesis, confirming their positive regulatory role, while deletion of both from the chromosome of S. hygroscopicus resulted in a complete loss of antibiotic production. Complementation studies indicated an essential role of the RapG regulator for rapamycin biosynthesis and a supportive role of RapH. A direct effect of rapH and rapG gene products on the promoter of the rapamycin polyketide synthase operon, rapA-rapB, was observed using the chalcone synthase gene rppA as a reporter system.
The polyketide rapamycin and its analogues are currently the most selective kinase inhibitors known and the only inhibitors of mTOR (mammalian target of rapamycin)-associated kinase activity (23) . Rapamycins bind the cyclophilin FKBP12, and this complex binds mTOR and inhibits its function. mTOR, a serine/threonine kinase, appears to act as a central controller that senses the cellular environment and regulates translation initiation through the eukaryotic initiation factor 4E and ribosomal p70 S6 kinase pathways. Rapamycin (Sirolimus, Rapamune), which is licensed for use as an immunosuppressant after organ transplantation, also has potential therapeutic use in the treatment of cardiovascular, autoimmune, and neurodegenerative diseases (22) . In addition, rapamycin and its derivatives represent exciting candidates for anticancer therapeutic development, with several presently in clinical trials as anticancer agents (44) . Appreciation of the immense pharmacological potential of rapamycin analogues has led to a demand for the economical production of rapamycin and its biosynthetic analogues (19) at an industrial scale.
The study of polyketide synthase (PKS) systems has revealed a number of associated regulatory proteins (3), but much remains unknown about the regulation of the biosynthesis of some of the more complex polyketides (1, 12, 41) , although the complexity of these regulatory networks is beginning to be appreciated. The expression of PKS gene cluster elements is often controlled by a number of different families of regulatory proteins that can have either a pathway-specific or a pleiotropic mode of action, affecting a broader range of morphological and physiological processes, including secondary metabolite production (3) . Among the main families of PKS regulators are the SARP family (Streptomyces antibiotic regulatory proteins) (45) , the LAL family (large ATP-binding regulators of the LuxR family) (14) , ␥-butyrolactone-binding regulatory proteins (26) , and two-component regulators (8) , which tend to act pleiotropically but are found in a number of PKS clusters.
Targeted genetic engineering offers an alternative or complementary approach to classical strain improvement and could potentially be applied to regulatory systems. Currently no known examples of industrial production strains in which regulatory genes have been manipulated in order to increase polyketide production have been reported (10) .
The initial sequence analysis of the rapamycin biosynthetic gene cluster revealed a total of 27 open reading frames (ORFs) in a region of 107 kbp (38) . Based on sequence similarity searches, the cluster contained several ORFs whose gene products may have a potential regulatory function. RapR and RapS were identified as a translationally coupled putative two-component system, RapY was found to contain a helix-turn-helix (HTH) motif similar to repressors of antibiotic export in the actinorhodin and tetracenomycin clusters (30) , and RapK may be responsible for the availability of the PKS starter unit (17, 19) . RapG showed sequence similarity to positive regulatory proteins such as the SoxS and the Rob proteins from Escherichia coli in a stretch of about 100 amino acids around the predicted HTH motif. RapH had a DNA-binding motif near the C terminus and an ATP-binding site at the N terminus (30) . Both genes, rapG and rapH, also contain the rare Leu codon TTA that has been proposed to serve as part of a regulatory mechanism of secondary metabolism in Streptomyces (28) .
As sequence analysis of rapH and rapG implicated their gene products as pathway-specific positive regulators of rapamycin biosynthesis, this study tested this hypothesis to evaluate their roles and to provide an initial understanding of elements of the regulatory pathways, with the long-term aim of exploiting this information to enhance the fermentation yields of rapamycin and its biosynthetic analogues.
MATERIALS AND METHODS
Bacterial strains and plasmids. Streptomyces hygroscopicus NRRL 5491 (referred to here as the wild type) and its derivative recombinant strains were propagated at 28°C on ISP3 agar plates (40) . Cultivation of strains for rapamycin production was carried out as described previously (M. A. Gregory, S. Gaisser, H. Petkovic, and S. J. Moss, 22 January 2004, PCT International Application, WO 04/007709). Plasmid vectors were propagated in E. coli DH10B grown in 2TY medium. Nonmethylated DNA was prepared in E. coli ET12567, and conjugation of plasmids was carried out using E. coli ET12567 carrying the conjugation-facilitating plasmid pUZ8002 (32) . Streptomyces strain manipulation was performed as described by Kieser et al. (25) .
Recombinant DNA methods. Standard techniques for DNA manipulation were performed as described by Sambrook and Russell (36) . Primers for PCR amplification and cloning of the rapH and rapG genes were designed based on the original rapamycin cluster sequence (GI 987088), with NdeI and XbaI restriction sites incorporated at the start codon and after the stop codon, respectively. Primers for PCR amplification of rapH were H1 (5Ј GGCATATGACCG GGCGGGCCAACGGC 3Ј) and H2 (5Ј GGTCTAGAGGCTATTCCGCCTTG ACGAGTTCGG 3Ј) (NdeI and XbaI sites are underlined). Primers for PCR amplification of rapG were G1 (5Ј GGCATATGACCAACGGCGCTGGAGC GGAG 3Ј) and G2 (5Ј GGTCTAGAGGTCAGCTGTCGGTCAGCCCGGTTG 3Ј). For subcloning of the complete rapH-rapG fragment, primers G2 and H2 were used. DNA fragments were cloned into the pSET152-derived BT-based integrative expression vector (Gregory et al., PCT International Application, WO 04/007709) pGP9, provided by Gerard Peck, under the control of the ActII-ORF4/P actI activator/promoter system. For deletion of the rapH-rapG fragment, primers HG1 (5Ј CGAATTCGGTCACGTCCTGGCGCTGGTG 3Ј) and HG2 (5Ј GCTCTAGACGGCCGAACTCGTCAAGGCG 3Ј) were used to PCR amplify a 1.5-kb overlapping region on the left side of rapH, and primers HG3 (5Ј GCTCTAGACTGACCGACAGCTGAACCCGG 3Ј) and HG4 (5Ј CAAGCTT TCCAGCAACATGTTCGCCAACAAGGC 3Ј) were employed to PCR amplify a 2-kb overlapping region on the right side of rapG. Fragments were combined at the shared XbaI site and cloned into the temperature-sensitive vector pKC1139 (4), which was then used to introduce a genomic deletion by homologous recombination.
Expression of an additional copy of the rapH and rapG genes in the S. hygroscopicus wild-type strain. An integrative BT-based expression vector, pGP9, with the ActII-ORF4/P actI activator/promoter system was used to overexpress genes rapH (pEK28) and rapG (pEK30) in S. hygroscopicus NRRL 5491. The same pSET152-derived vector was used to introduce a second copy of both genes, rapH and rapG, together in that respective order, transcribed in the same orientation on a cassette under the control of ActII-ORF4/P actI (pEK48). The cloning technique employed to generate gene cassettes is based on the use of methylation-sensitive and -resistant versions of the XbaI restriction site. It was developed from a cloning system described previously (16) . A more convenient, updated cloning version was used during this work, as described in detail in recent patent literature (S. Gaisser, P. To introduce and express an additional copy of both rapH and rapG together in their native form under the control of their native promoters, the ActII-ORF4/ P actI activator/promoter system was removed from the pSET152-derived vector, and the rapH-rapG fragment, PCR amplified using G2 and H2 primers, was introduced in its place (pEK49). Plasmid transfer experiments were carried out using conjugation procedures as described by Kieser et al. (25) .
Targeted gene deletion via homologous recombination. The deletion plasmid pEK51 was created based on the temperature-sensitive vector pKC1139 and the appropriate 1.5-kb and 2-kb overlapping regions of the genes to be deleted. Conjugations were carried out as described above, and four clones containing the self-replicating vector pEK51 were isolated. These strains were grown in TSBMG (24) with 50 g/ml apramycin antibiotic, initially at 28°C for the seed stage, followed by three rounds of liquid subculturing steps at 37°C before plating on agar plates to select for primary recombinants. Five colonies were chosen from each initial source and grown for seed in TSBMG without antibiotic at 28°C, followed by three rounds of subculturing again without antibiotic at 37°C before plating on agar plates to screen for secondary recombinants. Replica plating with velvet stamps was used to rapidly screen for loss of antibiotic resistance (secondary recombination). Apramycin-sensitive colonies were tested by Southern blot hybridization and PCR analysis to confirm the genomic deletion (data not shown).
Full and partial complementation of the S. hygroscopicus ⌬HG strain with rapG and/or rapH. The deleted genes were reintroduced (i) individually as a single copy, (ii) together in a cassette, or (iii) in their native form into the S. hygroscopicus ⌬HG strain. Conjugation experiments were carried out using plasmids pEK28, pEK30, pEK48, and pEK49 according to procedures described previously (Gregory et al., PCT International Application, WO 04/007709).
Rapamycin production and analysis. Engineered strains were tested for rapamycin production by growing the cultures in 50-ml tubes as described previously (Gregory et al., PCT International Application, WO 04/007709). Seed cultures in RapV7 were cultivated at 300 rpm for 2 days at 28°C. Production medium MD6 (Gregory et al., PCT International Application, WO 04/007709) was inoculated with seed culture at 10% (vol/vol) and shaken at 300 rpm for 6 days at 26°C. To obtain statistically significant results, each colony was represented by a triplicate sample set. The harvested cultures were extracted 1:1 with methanol, with shaking for 30 min at room temperature. The samples were pelleted by centrifugation, and the supernatants were analyzed by high-pressure liquid chromatography, which was carried out using a Phenomenex Hyperclone 3-m BDS C 18 column (4.6 mm by 150 mm), monitoring UV absorbance at 280 nm, and eluting at 1.0 ml/min with a gradient of 45% buffer A-55% buffer B to 5% buffer A-95% buffer B over 10 min. Buffer A consisted of 0.01 M ammonium acetate containing 10% (vol/vol) acetonitrile and 0.001% (vol/vol) trifluoroacetic acid. Buffer B consisted of 0.01 M ammonium acetate containing 90% (vol/vol) acetonitrile and 0.001% (vol/vol) trifluoroacetic acid.
Reporter plasmid for expression studies. To study the activity of the P rapA promoter controlling the expression of the rapA-rapB PKS operon, rppA from the Saccharopolyspora erythraea chalcone synthase gene cluster was used as a reporter. The rppA gene was obtained from pBW219 (11) and introduced into a pIJ8660 vector backbone (42) to create pCHS (5). The rppA-based reporter plasmid pEK60 was made by taking the DNA fragment containing rppA and the strong terminator sequences tfd and to from pCHS and cloning them into pGP9 expression system from which ActII-ORF4/P actI had been removed. The P rapA promoter region (Fig. 1) was cloned in front of rppA in pEK60 to obtain pEK61. As control promoters, ActII-ORF4/P actI (pEK67) and ErmE* (pEK68) were also introduced into pEK60. All pEK60-based plasmids were introduced into both the S. hygroscopicus wild-type strain and the S. hygroscopicus ⌬HG deletion strain by conjugation. Cultures were grown as described above for rapamycin production to study the expression of rppA. The resultant red pigment produced by the rppA gene product was analyzed by absorbance at 488 nm using a light spectrophotometer.
FIG. 1. Rapamycin biosynthetic gene cluster, showing the location and the area of deletion of the rapH and rapG genes. Promoter P rapA , which controls the main PKS operon rapA-rapB, is also shown. To the right side of the rapA-rapB operon lie genes encoding RapP, a pipecolateincorporating enzyme, and RapC, which together with RapA and RapB represent the rapamycin PKS.
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RESULTS
To study the regulation of rapamycin biosynthesis, a standard gene deletion/complementation and overexpression approach was employed. The production of rapamycin in the wild-type strain was compared to that in various strains in which rapH and/or rapG was overexpressed or deleted from the chromosome (to produce S. hygroscopicus ⌬HG strain) or was evaluated by partial or complete complementation of the ⌬HG strain ( Fig. 1 ; Table 1 ).
The ActII-ORF4/P actI activator/promoter expression system was used in this study, as it is a robust activator/promoter expression system widely used for many actinomycetes (25) . It has also been used as a reliable and well established activator/ promoter expression system for S. hygroscopicus (19) . The introduction of rapH and rapG into this artificial setting aimed to minimize the potential self-regulatory interference of RapH and/or RapG and other endogenous regulatory genes of the pathway, namely, rapY, rapR, rapS, and rapK. The reporter gene rppA of the chalcone synthase gene cluster, the product of which produces a red pigment, was used to evaluate the influence of rapH and rapG on the P rapA promoter activity to gain insight into the expression of the PKS genes rapA and rapB, which encode the major part of the rapamycin PKS (Fig. 1 , Table 1 ).
Introduction of an additional copy of rapH and/or rapG genes under the control of the activator/promoter expression system ActII-ORF4/P actI . To investigate the function of rapH and/or rapG, the constructs pEK28 (rapH), pEK30 (rapG), and pEK48 (rapG rapH), based on the integrative expression plasmid pGP9 derived from pSET152, were prepared as described in Materials and Methods. The integration function was BT1 based (20) , which was shown to be neutral both in previous studies (18) and in our control ( Table 2 ). The expression of the genes of interest was controlled by the P actI promoter and its cognate activator ActII-ORF4 from Streptomyces coelicolor (4). The constructs were conjugated into S. hygroscopicus NRRL 5491, generating a second in trans copy of the rapH and/or rapG gene. The S. hygroscopicus NRRL 5491 wild-type strain with and without the integrated expression plasmid pGP9 was used as controls ( Table 2) .
The additional copy of the rapH gene under the control of the ActII-ORF4/P actI promoter increased the production of rapamycin by between 27% and 55% (Table 2; Fig. 2 and 3) . When rapG was expressed similarly, the production of rapamycin increased by between 20% and 32% (Table 2; Fig. 2) . No difference in the production levels was detected between the S. hygroscopicus NRRL 5491 wild-type strain and the control transformed with pGP9, confirming the neutrality of the integration site (Table 2 ). These data also suggest that there is no detectable influence of the ActII-ORF4/P actI activator/promoter system alone on rapamycin production ( Table 2) .
Introduction of an additional copy of rapH and rapG genes under control of the native promoter regions. In the rapamycin cluster, rapH and rapG are linked by a bidirectional promoter sequence (Fig. 1) . A PCR fragment containing rapH and rapG, including their native promoter sequence, was cloned into pGP9 from which the ActII-ORF4/P actI promoter was previously removed, as described in Materials and Methods. Both genes were therefore expressed under the control of their native promoters. The resulting plasmid, pEK49, was introduced by conjugation into the S. hygroscopicus NRRL 5491 wild-type strain, thus generating an additional in trans copy of the rapH and rapG genes expressed under the control of their natural promoter region. Exconjugants were tested, and an average increase in rapamycin production of 40% compared to that in the wild-type strain was observed (Table 2; Fig. 2) .
Deletion of the rapG and rapH genes from the rapamycin biosynthetic gene cluster of S. hygroscopicus. A deletion of rapH and rapG was introduced into the genome of S. hygroscopicus as described in Materials and Methods, and S. hygroscopicus ⌬HG was isolated. The deletion comprising both genes in their entirety, including their native promoters (Fig.  1) , was confirmed by PCR and Southern blot analysis. S. hygroscopicus ⌬HG was tested, and no production of rapamycin was detected (Fig. 3) , indicating that the expression of one or both genes is essential for rapamycin biosynthesis.
Complementation of S. hygroscopicus ⌬HG by the pEK49 plasmid containing both rapH and rapG expressed from their native promoters. Complementation of S. hygroscopicus ⌬HG with plasmid pEK49 containing both genes under the control of their native promoters was assessed, and, as expected, restoration of rapamycin production to wild-type levels was detected (Table 2 ; Fig. 2 and 3) .
Complementation of S. hygroscopicus ⌬HG by rapH and rapG genes expressed under control of the ActII-ORF4/P actI activator/promoter system. Complementation of deleted genes was carried out by reintroduction of each of the genes, rapH and rapG, separately and together using the integrative pSET152-based plasmids pEK28 (rapH), pEK30 (rapG), and pEK48 (rapH rapG) under the control of the promoter ActII-ORF4/P actI . Clones of S. hygroscopicus ⌬HG conjugated with pEK28, pEK30, and pEK48 were tested for rapamycin production. No rapamycin could be detected in clones of S. hygroscopicus ⌬HG complemented with rapH (Table 2; Fig. 2) . A very small amount of rapamycin was detected in clones of S. hygroscopicus ⌬HG complemented with rapG. Although the yield of rapamycin was only 6 to 13% compared to the yield of the wild-type strain (Table 2 ; Fig. 2 and 3) , the compound made was fully processed rapamycin, which was confirmed by liquid chromatography-mass spectrometry. Complementation of S. hygroscopicus ⌬HG by pEK48 (rapH rapG under the control of ActII-ORF4/P actI ) gave titers equivalent to those after complementation with rapG alone (3 to 16%) ( Table 2 ; Fig. 2 ). Analogously, introduction of an additional copy of rapH and rapG in trans, under the control of ActII-ORF4/P actI , into the wild-type strain gave no noticeable increase in titers (2% Ϯ 8.1% [standard deviation]) ( Table 2) experiment in which rapH and rapG were expressed in trans under control of the native promoters. This piece of data was unexpected, since the introduction of pEK30 (rapG under control of ActII-ORF4/P actI ) into the wild-type strain gave improved rapamycin titers of 20 to 32% above the wild-type titer ( Table 2) . A complex interplay between RapG and RapH and co-/self-regulation involving the native bidirectional promoter sequence appear to be required to restore the full wild-type yield of rapamycin. Influence of the rapH and rapG genes on expression of rapamycin PKS genes. To evaluate the possible role of rapH and rapG in the expression of the polyketide synthase genes rapA and rapB, which are involved in the biosynthesis of the polyketide backbone of rapamycin (Fig. 1) , a reporter system was employed that was based on the chalcone synthase (a type III PKS) gene rppA, which is responsible for production of the dark-red pigment flaviolin (5, 11) . Plasmid pEK61 was constructed, in which the P rapA promoter from the PKS rapA-rapB operon was cloned in front of the rppA gene of the reporter plasmid pEK60. In addition, promoter control plasmids pEK67 and pEK68, containing the ActII-ORF4/P actI and ErmE* promoters, respectively, in front of the rppA gene, were also introduced into the S. hygroscopicus wild-type strain by conjugation. When inserted and expressed in the wild-type strain, good expression of rppA under the control of P rapA and production of red pigment were observed (Table 2 ; Fig. 4 ) and were only slightly lower than the values with the control ErmE* promoter, which is considered in the literature to be a strong Streptomyces promoter (46) . When the same construct was inserted and expressed in the rapH rapG deletion strain, a reduction of ϳ59% in red pigment production was observed compared to the wild-type strain (Table 2 ; Fig. 4) . The deletion of rapH and rapG clearly results in a down regulation of the rapA-rapB operon, but this does not fully explain the total loss of rapamycin production in the deletion strain. This suggests that deletion of rapH and rapG may also be down regulating other essential components of the pathway or precursor supply.
DISCUSSION
The original sequence homology studies of the rapamycin gene cluster identified a number of ORFs with putative regulatory functions, suggesting that the biosynthesis of rapamycin is highly regulated (30) . This is not surprising due to the complex biosynthesis of rapamycin, which involves an unusual shikimate-derived starter unit, three large PKS synthase proteins, incorporation of the amino acid L-pipecolate, and a number of post-PKS tailoring steps. It is reasonable to expect that a high degree of regulation is required to ensure the coordination of the PKS and post-PKS biosynthetic steps, in addition to the supply of the necessary building blocks from primary metabolism. Putative regulatory genes present in the cluster, such as rapR, rapS, rapY, and rapK, in addition to rapH and rapG, may have a direct or indirect influence on these aspects of biosynthesis. The complexity of regulatory systems would also suggest that one or more regulatory gene products may be dependent on and/or act in concert with another to affect a positive or negative regulatory role, e.g., as observed for tylosin (41) and nystatin (39) biosynthesis. The work presented here represents a first step in exploring the complexity of the regulation of rapamycin biosynthesis. Based on sequence similarity studies, rapH and rapG are likely candidates to have positive regulatory functions. We focused our initial study on these two genes, as their use might prove to be an important tool to increase the production yield of rapamycin and its analogues.
Overexpression studies with an additional copy of rapH and/or rapG expressed under the control of the ActII-ORF4/ P actI activator/promoter expression system in wild-type S. hygroscopicus clearly demonstrated a strong positive effect of each of the genes on rapamycin production. We were also able to show that the genomic deletion of rapH and rapG in wildtype S. hygroscopicus eliminated rapamycin production, indicating an essential role of one or both genes in regulation of rapamycin biosynthesis. As expected, complementation with the fragment that had been deleted restored the production of rapamycin to wild-type levels ( Table 2 ; Fig. 2) .
Indeed, sequence analysis studies revealed that RapH (882 amino acids) contained an HTH DNA-binding motif near the C terminus and an ATP-binding site at the N terminus (30) . Since the original assessment of the rapamycin gene cluster in 1996, a new family of transcriptional activators has been proposed. The LAL family (large ATP-binding regulators of the LuxR family) is characterized by a LuxR-type pattern of an HTH DNA-binding motif of about 65 amino acids at the C terminus (14) and a distinctive P loop at the N-terminal end that is specific for an ATP-binding site. The necessity for ATP binding and hydrolysis was demonstrated by work on PikD, a LAL regulator required for pikromycin biosynthesis. The ability of PikD to act as a transcriptional activator was dependent on the presence of a functional ATP-binding motif (47) . RapH fits the profile of the LAL family and has a high sequence identity with a number of Streptomyces polyketide antibiotic biosynthetic cluster regulators of the LAL family, three of which have been identified in S. hygroscopicus strains ( Table 3) . The most extensively studied member of the LAL family of regulators is the Escherichia coli MalT protein, which is involved in the positive regulation of maltotriose uptake (ABC transporter) and catabolism (15) . The transcription of this regulator is itself under direct catabolite repression control (9) . MalT is activated by the binding of the inducer maltotriose, and this activation is modulated by interaction with other proteins of the maltose operon which prevent binding of the in-ducer (6) . All regulators in this subclass have been found to be positive regulators.
The sequence analysis of RapG (330 amino acids) also revealed an HTH DNA-binding motif with 38% sequence identity to the SoxS positive regulator of the superoxide response regulon from E. coli over a stretch of 100 amino acids with the predicted HTH motif (30) . RapG was also found to be highly similar to a number of putative regulatory proteins which all share a signature pattern in the 100-to 150-amino-acid Cterminal region encompassing the HTH DNA-binding motif of the AraC family of transcriptional regulators (29) . The Nterminal and central regions of members of the AraC family of proteins are believed to interact with effector molecules and potentially are involved in dimerization (37) . However, RapG lacks any sequence similarity with other AraC family members in this region. Most AraC proteins have been found to contain both a C-terminal DNA-binding domain and an N-terminal dimerization and/or ligand-binding domain; however, several members of the AraC family have been shown to contain only the aforementioned DNA-binding domain (33) , which may be the case in RapG. Some AraC proteins use DNA looping to repress transcription. Binding of the ligand to AraC protein dimers converts the AraC protein from a repressor to a transcriptional activator by changing the way DNA loops between AraC binding sites. Although not all AraC family members use DNA looping, the presence or absence of a bound ligand may still modify the function of the regulator (33) . Not only have AraC family regulators been shown to bind small molecules as ligands, but some also interact directly with other proteins in order to become activated as transcriptional activators (13) . RapG lacks any apparent ligand-binding domains; however, the data of this study suggest that it would be interesting to explore a possibility of DNA binding of either of the two proteins to the rapH-rapG promoter region and also to look into protein-protein interactions to investigate whether there may be some sort of interaction occurring between RapH and RapG.
The complex interplay between RapH and RapG in their regulatory role is observed through the complementation studies with S. hygroscopicus ⌬HG. Complementation with rapH alone did not give rise to a restoration of rapamycin production (Table 2 ; Fig. 2 ). Complementation with rapG alone partially restored production of low levels of fully processed rapamycin, indicating that rapG may have a direct regulatory role in the initiation of rapamycin biosynthesis. Wild-type yields, however, were fully restored only when, rapG, rapH, and an intact native bidirectional promoter sequence were all present, suggesting that this interplay is mediated via promoter interactions of one or both gene products. In the absence of the native bidirectional promoter, but with ActII-ORF4/P actI instead, in either the wild-type or the deletion strains (S. hygroscopicus ⌬HG with pEK48 and S. hygroscopicus NRRL 5491 with pEK48) (Tables 1 and 2) , only a marginal increase in titer above that of their respective noncomplemented controls was observed. The presence of a rapamycin titer in S. hygroscopicus ⌬HG with pEK48 that was of a similar level as in S. hygroscopicus ⌬HG with pEK30 would indicate the proper activity of expression of rapH rapG in pEK48, as the rapG gene is the second gene in the cassette and is transcribed only after rapH. Titration by RapH and/or RapG of some other key factor of regulation may provide one explanation. The relative levels of free and promoter-bound RapH or RapG may also influence co-/self-activation of these proteins. Further studies will have to be carried out in order to explain the role of native promoters.
Additional evidence for a direct effect of these positive regulators on rapamycin biosynthesis was observed through the study of the P rapA promoter of the rapamycin PKS operon rapA-rapB by using a chalcone synthase reporter system. In the S. hygroscopicus ⌬HG strain, a substantial drop, but not a complete loss, of the P rapA promoter activity was observed (Fig.  4) . Deletion of rapH and rapG, however, eliminates rapamycin production entirely. RapH and RapG must be acting at one or more additional promoter sequences within the biosynthetic cluster, either directly or indirectly through additional regulatory components.
RapH and RapG clearly have a positive regulatory role in rapamycin biosynthesis. The data presented here also indicate a possible direct involvement of the rapG and/or rapH gene products in the regulation of rapamycin PKS gene expression. A genetically engineered producer strain which showed increased levels of rapamycin production after overexpression of the rapH and rapG genes indicates the potential of this ap- a All of the identified proteins similar to RapH belong to the LAL family of Streptomyces regulators, with their characteristic LuxR-type pattern of an HTH DNA-binding motif at the C terminus and a P loop distinctive of an ATP-binding site at the N terminus, while all of the identified proteins similar to RapG contain the AraC-like HTH DNA-binding motif at the C-terminal region.
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